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1.0 Introduction 
The purpose of this investigation was to optimize a reflectometer 

system consisting of a fast scanning Michelson Interferometer and an 
ellipsoidal mirror reflectometer. The system should be capable of 

measuring the reflectance of opaque materials at room temperature 
with an accuracy of 1% full scale and should cover the wavelength 
range from 2 to 40pm. To accomodate this.wavelength range two 

optical heads (two Michelson interferometers) would be used. One 
would work in the wavelength range from 2 to 12pm while the second 
one would cover the range from 10 to 40pm. 

Figure 1 shows a schematic of the Fourier spectrometer- 
ellipsoidal mirror reflectometer system. 

- -  

I 
, - .  
- .- .. . _  - -  _ _  

Fig. 1 Interferometer - EMR system 
The foreoptics focus the beam through the Michelson interfero- 

meter and image a portion of the source, as defined by a diaphragm, 
onto the sample. The reflected flux is collected by the ellipsoidal 
mirror and focused onto the detector at the second focaLpoint of the 

mirror. 
In the following sections 1.1 and 1.2 we will examine some 

components of the system. 
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1.1 The Michelson interferometer .  

I n  t h i s  sec t ion  a few cha rac t e r i s t i c s  of t h e  scanning in t e r -  

ferometer w i l l  be discussed bu t  only t o  t h e  ex ten t  necessary t o  

understand t h e  l a t e r  sec t ions  of t h i s  repor t .  The reader  in te res ted  

i n  t h e  theory of  Fourier transform spectroscopy should consul t  t h e  

publ icat ions by J. Connes , L. Mertz' or references contained 

there in .  The following considerat ions a r e  mainly taken from a 

technica l  repor t  by L.W. ~haney .3  

1 

An ou t l ine  sketch of t h e  bas i c  interferometer  is given i n  

Figure 2.  The bas i c  operat ion is a s  €allows: The input  r ad ia t ion  

represented by t h e  ray  B is divided a t  t h e  beam s p l i t t e r  i n t o  

two rays B 1  and B2; each ray i s  returned t o  t h e  beam s p l i t t e r  

and divided again. Two recombined beams a r e  thus formed. One 

recombined beam i s  r e f l ec t ed  back towards t h e  input  and l o s t  

while t he  o ther  beam passes through t h e  lens  and i s  focused on 

t h e  aper ture  p l a t e  and detector .  The moving mirror i s  displaced 

through a d is tance  ~ / 2  from a poin t  of zero r e t a rda t ion  such 

-- t h a t  the_ opticql path d i f fe rence  is equal t o  * - - .  L A  - - 

7 F I X E D  MIRROR 
T 

-I= B 
MOVING 
hiIRROR BEAM SPUTTER 

APERTURZ PLATE / 
-a- 

\DETECTOR 

1 

1 
! i 
I 

I 

i 

' I  j 

_ _ -  -- -- . -  - .. - -  - __ -- 
Fig. 2 Basic Interferometer  
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Assuming t h a t  t h e  mirror moves a t  a constant  ve loc i ty  V 

t h e  interferometer  modulates each wavelength s inusoidal ly .  

The modulation frequency f is c h a r a c t e r i s t i c  f o r  each wavelength 

and i s  given by 

fa,. 2v 

where V is  t h e  ve loc i ty  of t h e  scanning mirror i n  pm/sec a s  

mentioned above and x is t h e  wavelength i n  pm. 

The use of t h e  interferometer  has two bas i c  advantages over 

t h e  conventional q ra t ing  o r  prism spect.cumetars. 

a )  F e l l g e t t ' s  advantage. 

The b a s i s  of t h i s  advantage is t h a t  i n  observing a spec t r a l  

element t h e  increase i n  s igna l  t o  noise  ra t io , '  S/N, i s  proportion- 

a l  t o  t he  square,root  of t h e  elemental observation t i m e  T. I f  

t h e  d i f f e ren t  s p e c t r a l  elements a r e  explored consecutively,  a s  

is done i n  a conventional spectrometer, t h e  t i m e  ava i l ab le  f o r  

each spec t r a l  element i s  t = T/M, where M is  t h e  number of 

spec t r a l  elements. The interferometer ,  however, observes a l l  

t h e  s p e c t r a l  elements fo r  t h e  t o t a l  t i m e  T. The s igna l  t o  

noise  r a t i o  i s  therefore  increased by t h e  f a c t o r w  

b) The Throughput Advantage. 

The throughput (TP) of an o p t i c a l  instrument i s  a measure 

of t h e  amount of l i g h t  t ransmit ted by an instrument having a given 

aper ture  and a given so l id  angle.  For an instrument with no o p t i c a l  

losses  TP i s  given a s  

TP = A% 

where A is t h e  area of t h e  aper ture  and t h e  s o l i d  angle.  

For any spectrometer t h e  permissible  s o l i d  angle is l imited 

s ince  an increase i n  s o l i d  angle w i l l  decrease t h e  s p e c t r a l  reso- 

l u t ion .  Thus, t h e  product of  t h e  reso lu t ion  R and t h e  so l id  a n g l e f i  

-3- 
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is a constant. 
(two orders of magnitude) than in a grating spectrometer. 

The product R S l  for an interferometer is much larger 

Interferometer R f L =  2 f  
Grating Spectrometer R e 0.07 

Unfortunately, as will be evident later, a Fourier transform- 
ellipsoidal mirror reflectometer system can only make very limited 
use of the TP advantage. 

1.2 The ellipsoidal mirror reflectometer (EMR). 

The EMR has been described in detail by Dunn4 et al. Only 
the features important to this study will be given here. A 

schematic of the EMR is shown in Fig. 3 .  

W M T  REA M 

Fig. 3 Basic Ellipsoidal Mirror Reflectometer 

The sample is located at the first focal point. A beam 
enters the ellipsoidal mirror through a hole and is incident on 

the sample under a polar angle 8 .  The irradiated area and the 
solid angle under which the sample sees the entrance hole determine 

the throughput. As discussed by S . T .  Dunn4 th,e entrance hole has to 
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be  kept small i f  high accuracy i s  desired and the  i r r ad ia t ed  area 

on t h e  sample i s  l imited too. The throughput of t h e  reflectometer 

therefore  does not allow one t o  make use of t h e  high throughput of 

t h e  interferometer .  The r e f l ec t ed  f lux  i s  focused by t h e  e l l i p s o i d a l  

mirror on a su i t ab le  de tec tor  placed a t  i ts second foca l  point .  

Since t h e  f lux  contained i n  a beam has t o  s t ay  constant i n  a 

l o s s l e s s  o p t i c a l  system t h e  smaller s o l i d  angle under which t h e  

beam s t r i k e s  t h e  de tec tor  i s  accompanied by an image magnification. 

For t h e  e l l i p s o i d a l  mirror used i n  the  NBS ref lectometer  t he  

l i n e a r  magnification was about 6x. 

The f lux  d i s t r ibu t ion  over t h e  image a t  t h e  second foca l  

po in t  w i l l  vary g rea t ly  with t h e  d i r ec t iona l  d i s t r ibu t ion  of t h e  

r e f l ec t ed  f lux  from t h e  sample. Therefore l a rge  e r ro r s  can occur 

i f  t h e  responsivi ty  changes across  t h e  sens i t i ve  area of t he  

de tec tor .  Another source of e r r o r  a s  f a r  a s  t h e  de tec tor  i s  

concerned i s  an angular va r i a t ion  of responsivi ty  within the  

f i e l d  of view of t h e  de tec tor .  For t h e  " S  ref lectometer  t he  

t o t a l  f i e l d  of view was approximately 60°. While t h e  uniform 

angular responsivi ty  i s  reasonably w e l l  f u l f i l l e d  f o r  t h e  FOV' 

spec i f ied  above t h e  nonuniform s p a t i a l  responsivi ty  does present  

a problem. Therefore it i s  necessary t o  use an averaging device 

i n  f ron t  of t h e  de tec tor  i f  highly accurate  data  a r e  desired.  

The averaging device t o  be used with the  EMR should make 

e f f i c i e n t  use of t h e  ava i lab le  f lux  i n  order  not t o  lower t h e  

s igna l  t o  noise  r a t i o  t o  t h e  extent  where measurements a r e  no 

longer possible .  

averaging i n  t h e  inf ra red .  H e  found t h a t  from t h e  standpoint of 

averaging, a small  su l fu r  coated in t eg ra t ing  sphere was t h e  best 

so lu t ion  t o  t h e  problem. 

a t ions  of respons iv i ty  was described by M. Finkel.' 

de tec tor  scanning a s  a way t o  el iminate  t h i s  problem. 

S.T. Dunn5 inves t iga ted  severa l  methods of f lux  

A new approach t o  e l iminate  s p a t i a l  va r i -  

H e  proposed 

It should be  
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mentioned at this point, that,detector scanning does not correct 

for the directional nonuniformity of the detector which means that 
directional insensitive detectors have to be used if detector 

scanning is employed. 

For reflectance measurements in the infrared it becomes 
important to discriminate between emitted and reflected flux 

even if the sample is only at room temperature because the 
emitted flux becomes an appreciable fraction of the reflected 

flux. In a conventional system this is done by chopping the 
incident flux by a mechanical chopper and by amplifying the signal 

with a tuned ac-amplifier. Since the Michelson interferometer 
modulates each wavelength with its own-characteristic frequency 

it acts as a chopper. In this case it is necessary to employ 
a broadband ac-amplifier since it has to amplify all frequencies 

which correspond to the wavelength range passed by the inter- 
ferometer. The 'possibility to use the interferometer as an 

optical chopper has been described by S.T. D ~ n n . ~  
' 

2 . 0  Comparison between averaging by the use of an averaging 

sphere and detector scanning. 
In section 1 it had been established that an efficient 

as well as accurate method of averaging is the crucial point 
for obtaining accurate reflectance data with an EMR. In the 

following sections 2.1 and 2.2 we will discuss and compare the 
two most promising methods of averaging, the use of an averaging 

sphere and the employment of detector scanning. 

2.1 The averaging sphere. 

2.1.1 Theory of the averaging sphere. 
The following equations will be derived using the 

assumption that 
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a )  t h e  coat ing i s  a pe r fec t ly  d i f fuse  r e f l e c t o r  

of uniform ref lec tance  

b )  t h e  entrance and de tec tor  po r t s  a r e  pe r fec t  

aused by t h e  sh ie ld  w i l l  b e  

neglected.  

The following symbols w i l l  be  used: 

4o 
vw 

A, 
A, 

f lux,  enter ing t h e  averaging sphere i n i t i a l l y  

re f lec tance  of t h e  sphere coat ing 

area of t h e  entrance po r t  

area of t h e  image (it i s  assumed t h a t  t h e  beam i s  

focused on t h e  entrance po r t . )  b q < &  

area of t h e  de tec tor  ( a l so  area of t h e  de tec tor  

por t .  ) 

area of t h e  sphere viewed by the  de tec tor  

A, 

Av 
A t o t d l  sphere area 

A s  shown i n  Fig. 4 t h e  f lux  i s  enter ing t h e  sphere and 

s t r i k e s  the  sphere wal l  a t  a locat ion which i s  shielded from t h e  

d e t e c t o r ' s  f i e l d  of view. The f lux  leaving t h e  sphere wal l  i s  

f$, 4o . The f lux  incident  on AV i s  &/A) Qw 4 0  and t h e  

f i r s t  por t ion  of f lux  incident  on t h e  de tec tor ,  t)=,, , i s  

The f lux  l o s t  a f t e r  t he  f i r s t  r e f l ec t ion  i s  

which leaves 

f lux  i s  again r e f l ec t ed  of f  t h e  spherewall and t h e  f r ac t ion  Av/A 
i s  incident  on t h e  d e t e c t o r ' s  f i e l d  of view. 

4 o ( A ~  A.p)/A 
9.1 t$O [ 1 - (Ah .C AB)/A] i n  t h e  sphere. This 

The f lux  f a l l i n g  on t h e  de tec tor  a f t e r  t h ree  r e f l ec t ions  on 

t h e  sphere wal l  have occurred becomes 

By ca lcu la t ing  t h e  amount of f lux  incident  on t h e  de tec tor  

a f t e r  each r e f l ec t ion  on t h e  sphere wall we end up with an i n f i n i t e  

-7- 
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Fig. 4 Configuration of Averaging Sphere 
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series as  follows: 

This i s  a converging geometric series which converges t o  

2.1.2 Efficiency of an averaging sphere. 

W e  ob ta in  a measure of ef f ic iency  by comparing t h e  

s igna l  t o  noise  r a t i o  we would ge t  f o r  two cases.  For t h e  f i r s t  

case we w i l l  p lace the  de tec tor  d i r e c t l y  i n t o  the  beam, while f o r  

t h e  second case an averaging sphere w i l l  be used'. 

Assuming a uniform flux dens i ty  a t  t h e  second foca l  po in t  

t he  flux incident  on t h e  de tec tor  without averaging sphere would 

. To f ind  t h e  s igna l  t o  noise  r a t i o  we have t o  

power by t h e  noise  equivalent power o r  

where Dh i s  ca l led  t h e  s p e c t r a l  de t ec t iv i ty .  The de tec tor  parameter 

normally given 

de tec t iv i ty  t o  take  i n t o  account t he  area and t h e  e l e c t r i c a l  band- 

width dependence o r  

is D*k which is a normalization of t h e  spec t r a l  

uei&j t h i s  expression t h e  s igna l  t o  noise  r a t i o ,  when the  beam i s  

d i r e c t l y  incident  on t h e  de tec tor  (-) becomes S 

' f l . t  
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Using the  same der ivat ion we obta in  the  s igna l  t o  noise  r a t i o  

when the  averaging sphere is used, 

Since we a r e  concerned with an order  of magnitude ca lcu la t ion  we 

can make t h e  s implifying assumption t h a t  t h e  detector  is e s sen t i a l ly  

seeing the  e n t i r e  sphere o r  t h a t  A, Rj A. With t h i s  we ob ta in  

This r e s u l t  w i l l  be used l a t e r  t o  compare t h e  averaging sphere 

with de tec tor  scanning. 

2 .2  Image (de tec tor )  Scanning. 

2 . 2 . 1  Theory of de tec tor  scanning. 

The approach used i n  t h i s  paragraph which is d i f f e ren t  

p a r t i a l l y  taken from a paper by G e i s t  from t h a t  used by Finkel' 

and Kneissl.* 

a t  a cross  sec t ion  of a beam can be  described by a function defined 

a s  

is  

As indicated i n  Fig.  5 assume t h a t  t h e  f lux  densi ty  

A *  A (x',~') fo r  a l l  (%',y') which belong t o  

t h e  closed rec tangle  
a ' p s X ' " a ;  0 a y ' s b ~  

and A = 0 fo r  a l l  (%',u') not contained i n  R' . 

-10- 



Likewise assume t h a t  t h e  loca l  responsivi ty  of a de tec tor  can be 

described by a function such t h a t  

and B = 0 f o r  a l l  c%,y) not contained i n  R. 

X' 

IMAGE 

- ._ 

Fig. 5 Basic parameters f o r  de tec tor  scanning 

I n  addi t ion we need a coordinate system ( s , t )  which descr ibes  t h e  

locat ion of t he  image on t h e  detector .  

A s  shown i n  Fig. 6 t he  de tec tor  is  scanned i n  a r a s t e r  pa t t e rn  

-11- 



a t  a constant ve loc i ty .  The r a s t e r  spacing i s  h S  . It should be  

noted t h a t  t he  r a s t e r  sweep must s t a r t  and end with the  image 

completely i n  t h e  de tec tor  a rea .  W e  denote the  time i n t e g r a l  of 

t h e  de tec tor  output s igna l  over t h e  period of t h e  scan by I. It 

w i l l  be t h e  t a sk  of t h e  following der ivat ion t o  show t h a t  i n  the  

l i m i t  a s  bS approaches zero, I becomes the  product of two in te -  

g r a l s .  The f i r s t  i n t e g r a l  gives t h e  t o t a l  f lux  contained i n  t h e  

beam while t h e  second is t h e  i n t e g r a l  over t h e  loca l  responsivi ty  

of t h e  de tec tor  which i s  a constant fo r  any given de tec tor .  Thus 

t h e  r a t i o  of two scans,  I, 11% , becomes the  r a t i o  of t h e  f luxes 

contained i n  t h e  two beams which i s  t h e  desired quant i ty .  

__-_--- 

Fig. 6 Pa t te rn  of  Scanning 
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To s implify t h e  der ivat ion w e  assume a l s o  t h a t  

b =  NbS 
and d =  M b S  , where N and M a r e  in tegers .  

Using f igures  5 o r  6 we ge t  t h e  re la t ionships  

)+PL-Q.)X’ 

and 0 ihs  - 
e t o  an in f in i t e s ima l  area 

In tegra t ing  t h i s  s igna l  during t h e  scan we ob ta in  i n  general  

Let us consider t h e  case t h a t  \ C which means t h a t  t h e  beam 

i s  only pa r t i a l19  incident  on t h e  de tec tor  a t  any pos i t ion  during 

the  scan. For t h e  f i r s t  scan t h e  i n t e g r a l  becomes 
a+c  h5 t 

0 ‘4Lo y-0 
For t h e  second scan we get 

o r  i n  general  f o r  w e  obtain 
Q+C ih5 t 

b 

where . 
i 
, 



Next w e  consider the  case Ms ; h , which means t h a t  

the  beam has been moved i n  y d i rec t ion  by a dis tance L b 
For t h i s  case t h e  i n t e g r a l  becomes 

b t C  '\A5 .e 

. 

The l a s t  case i s  t h a t  f o r  which rii s M 4 N - 1  . 
For t h e  l a s t  case we ge t  

a+c d e 

Thus t h e  recordipg of a t o t a l  scan has the  form 

I-. y A (%+a 4, 'i 4 kl- i Ai) a C% ,y ) dx + 
\a\ 4.0 yao  # S O  

-14- 



Now, we consider t h e  f i r s t  sum, namely 

Looking a t  Fig. 6 w e  see t h a t  t h e  in t eg ra t ion  i n  x-direction has 

t o  be performed i n  t h r e e  p a r t s  a s  follows 

cAa ih5 t 7 

This sum can be transformed i n  t h e  following manner. F i r s t  w e  

change t h e  order of i n t eg ra t ion  and obtain 
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I 

, 

1 
. I  

As next we perform a linear transformation using the transformation 

equations 

\ l - % .  

With this and also transforming the limits of integration from 

the x,t - region into the v,u - region we get 

J 
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C 

e 

0 

- 
I 

If we def ine a quan t i ty  
such t h a t  

and a quan t i ty  A 4 \o- i b5) 

c 
I v QM 

'i 
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t h e  sum becomes 

- 
sr\il/C can. be  in te rpre ted  a s  t h e  mean value of B(x,y) averaged 

over x f o r  a given y, where 0 S % and ab- i AS)/Cl. 
can be regarded a s  the  mean value of A(%',y') averaged 

over X' where 0 Y.' 4 a f o r  a given y and during a 

given scan (scan with the  index i ) .  

Transforming t h e  remaining sums i n  a s imi l a r  manner we 

obtain for  t h e  t o t a l  scan 

This s i t u a t i o n  can be i l l u s t r a t e d  a s  shown i n  Fig. 7 
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0 Y 

Fig. 7 Illustration to Detector Scanning 

If we increase the number of scans A5 becomes smaller. 
that the number bf scans is increased to the extent that 
approaches zero. If B and A c v +  b- ;AS) 

- I 

continuous* 

I= 

Again using 

* This is a 

Assume 

AS 
are 

functions the sum becomes a Rieman Integral or 

a linear transformation of the form 

W = Y t \ O - S  
and a 

sufficient but not a necessary condition. 
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. -- 

we obtain 

Subs t i tu t ing  t h e  de f in i t i ons  fo r  5;; and we f i n a l l y  a r r i v e  

a t  

i s  the  f lux  densi ty  [WATTS /Cma] a t  t h e  

0 0 
i s  t h e  t o t a l  f lux  passing through t h e  image. The second i n t e g r a l  

could be in te rpre ted  a s  t h e  output from t h e  de tec tor  i f  a uniform 

f lux  with a f lux  densi ty  of 1 would be  incident  on t h e  de tec tor .  
CRIZ 

It is  a de tec tor  constant .  Therefore i f  we take the  r a t i o  of t h e  

integrated output of t h e  scans of two beams through t h e  same de tec tor  

t h e  second t e r m  drops out and we end up with the  r a t i o  of t h e  

f luxes contained i n  t h e  two beams. 

I n  r e a l i t y  it is of course impossible t o  use such a f i n e  scan 

pa t t e rn  t h a t  A$-wO . But w e  know t h a t  fo r  any combination of 

functions,  Ac%',y') and B(x ,y) ,  t he re  exists a AS small  enough, 

t h a t  t h e  value of t h e  sum approaches t h e  value of t he  i n t e g r a l  with 
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any d e s i r e d  accuracy. 

1 

2 . 2 . 2  Experimental inves t iga t ion  of de tec tor  scanning* 

Fig. 8 shows t h e  physical  arrangement which was used t o  

generate t h e  scans.  A stepping motor which was reversed a f t e r  a 

c e r t a i n  number of s t eps  i n  each d i r ec t ion  drove an indexing head 

on one ax is ,  while a synchronous motor drove t h e  head continuously 

i n  one d i rec t ion  on t h e  o ther  ax i s ,  yielding t h e  two scan pa t t e rns  

i l l u s t r a t e d  i n  t h e  same f igure .  

appl ies  a l s o  t o  each of these pa t te rns .  

The ana lys i s  of sec t ion  2 . 2 . 1  

Fig. 9, a schematic diagram of t h e  system, i s  mostly s e l f -  

evident.  

f lux  i s  t o  be measured, and the  in t eg ra to r  i s  a vol tage in tegra tor  

which in t eg ra t e s  t he  output of t he  synchronous ampl i f ie r .  

i n t eg ra to r  i s  s t a r t ed  when the  scan i s  s t a r t ed  and stopped when 

t h e  scan i s  stopped. T e s t s  w e r e  run on the  var ious components 

of t h i s  system t o  determine t h e  accuracy which it could y ie ld  i f  

t he re  was no e r r o r  due t o  t h e  f i n i t e  s i z e  of t he  r a s t e r  spacing 

and t o  determine which components would l i m i t  t he  accuracy. It 

was found t h a t  t h e  predominant source of e r r o r  was the  lack of 

stabi1i;y i n  t h e  o p t i c a l  s igna l ,  which was produced by a Globar 

source. Fig. 10 shows t h e  r e s u l t s  of t h e  Globar s t a b i l i t y  study. 

The o p t i c a l  s igna l  i n  Fig.  9 i s  t h e  beam whose rad ian t  

The 

Fig. 11 i l l u s t r a t e s  an ac tua l  comparison of t h e  rad ian t  

power i n  two beams of d i f f e ren t  s i zes .  The scanning pa t t e rn  is 

shown with the  de tec tor  and the  two beams drawn t o  sca l e  super- 

imposed on t h e  pa t t e rn .  I n  t h i s  p a r t i c u l a r  case beam 1 was a 

focused, monochromatic beam measured a t  t he  focus, and beam 2 

i s  t h e  same beam, b u t  measured a t  a po in t  a few centimeters c lose r  

t o  t h e  source. Thus t h e  r a t i o  of t h e  two integrated s igna ls  should 

be equal t o  1, whereas it was measured t o  be 0.992 f 0.008 a t  t h e  

95% confidence leve l .  Looking a t  t h e  r e l a t i v e  s i z e s  of t h e  de tec tor  

* This work was done by Jon G e i s t  a t  t h e  National Bureau of Standards, 
Washington, D.C. (See reference no. 8 ) .  
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and each beam, we see that a measurement of anywhere near this 
accuracy could not be done with this detector without using an 

I averaging technique. 
# 

2.2.3 Efficiency of detector scanning. 
We will have to use the following simplifying assumptions: 

a) We assume that the responsivity is constant over 
the sensitive area of the detector. 

i 
. I  

b) The flux density is constant over the image. 

c) We scan at a constant velocity v in x-direction, 
while the movement in y-direction by the distance AS occurs 
during a negligible time period. 

Since for detector scanning the flux incident on the 

detector changes during the scan we will ask oyrselves what is 
the average flux falling on the detector during one total scan. 

The flux gensity within the image is 

maximum flux incident on the detector during 

Fig. 12 illustrates the flux incident on the detector, 
as a function of x during one scan in x-direction. 

X Q  v t  
x- 4 xac x-c+a 

Fig, 12 The flux incident on the detector, , in 
x-direction for scan i. 
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The integrated f lux  i s  c ; , max. The t i m e  required f o r  t h e  

/\l . With t h i s  t h e  t i m e  averaged f lux  during the  

scan i becomes 

i, max.~an  be found a s  follows 

. For 413 - I  a% a 

Fig. 13 shows t h e  s igna l  a s  a function of t i m e  t fo r  a t o t a l  scan. 

t 

Fig. 13 Flux on t h e  de tec tor  a s  a function of t i m e ,  for  a 
(N=4, M=7) t o t a l  scan. 
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The number of scans required t o  complete a t o t a l  scan i s  

N + M =  ( ' O + b ) / h S .  
Therefore t h e  t o t a l  t i m e  required is  

From Fig. 13 we see t h a t  t h e  integrated f lux  i s  

The t i m e  averaged f l u x  the re fo re  becomes 

The average s igna l  t o  noise  r a t i o  i s  found t o  be  

I f  t h e  image is put  d i r e c t l y  on t h e  de t ec to r  t h e  s igna l  

t o  noise  r a t i o  i s ,  a s  was calculated e a r l i e r :  

and the  e f f i c i ency  

s . 
such t h a t  d =  & and p= - b I f  we de f ine  two r a t i o s  d, and 

t h e  eff ic iency becomes c d 
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This r e s u l t  has been obtained assuming t h a t  

Without going through t h e  der iva t ion  we w i l l  g ive the  r e s u l t s  

fo r  a l l  four possible  cases (assuming rectangular  shape fo r  t h e  image 

a s  w e l l  a s  t h e  de t ec to r ) ,  showing t h e  r e l a t i v e  s i z e  of de tec tor  and 

image. The symbol i s  used f o r  t he  e f f ic iency  of de tec tor  

scanning. 

a i c and b 5 

Case 1: 

a>, I 
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2.3 Comparison of the efficiency of averaging by an averaging 

sphere and by detector scanning. 

2.3.1 Image and detector area are of the same size and shape. 

In Section 2.1.2 the efficiency of averaging by a sphere, ESP, 

was found .to be ?. 
W 

%= Ai A -  * ~ ~ - ~ ~ ~ ~ = ~ ~  
To calculate the efficiency e have to assume some dimensions. 
We will approximately choose dimensions which would be used in 
an actual system. 

Radius of averaging sphere, R, : R = 2.5 cm 

A =  4Qa% = 7 
= 1.2 cm x 1.2 cm = 1.44 cm2 A% (This corresponds to an image size at 

tbe first focal point of 0.2 cm x 0.2 cm.) 

the flux is entering the sphere) 
A E  

AB = A3 

= (1.2)Ap = 1.73 cm2 (This assures that all 

Using the dimensions above the efficiency becomes 

Po ' Since image and detector area have the same size and shape 
and the efficiency of detector scanning becomes simply 

6 s  

Using the expressions for ESP and E, we can calculate Es/Esp as 

a function of VW . Fig.14 shows a plot of that function. Also 
included in Fig. 14 is the relative measurement time required for 
the averaging sphere to achieve the same signal to noise ratio as 
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detec tor  scanning. This function i s  ca l led  ~ ~ ~ f p ~ ~  . It i s  

given by 
h 

3 (,E,IE$)?. A s  w e  can see from Fig. 14 de tec tor  
scanning becomes more e f f i c i e n t  when t h e  re f lec tance  of t h e  sphere 

coat ing drops below 0.97. A t  a re f lec tance  of 0.90 scanning gives 

a s igna l  t o  noise  r a t i o  which i s  2.3 times higher than t h a t  

obtained with an averaging sphere. 

averaging sphere one would have t o  increase t h e  measurement t i m e  

by a f ac to r  of 5.24 t o  obtain t h e  same s igna l  t o  noise  r a t i o  

a s  with de tec tor  scanning. 

This means t h a t  using an 

2.3.2 Image s i z e  i s  t h e  same a s  i n  Section 2.3.1 but  i n  

t h i s  case t h e  de tec tor  has a s e n s i t i v e  area of 0 . 1  c m  x 0.5 c m  

(c x d ) .  

Using an A, of 0.05 cm2 we ob ta in  for  t h e  sphere e f f ic iency  

As we see the re  is only a s l i g h t  change i n  t h e  sphere e f f ic iency .  

This might seem surpr i s ing  s ince  t h e  f lux  incident  on t h e  de tec tor  

i s  d i r e c t l y  proport ional  t o  A,, while t h e  noise  equivalent power 

(NEP) decreases only by t h e  square root  of AD . Therefore t h e  

s igna l  t o  noise  r a t i o  decreases proport ional  with t h e  square root  

of AB . 
i n t o  the  beam. 

s igna l  t o  noise  r a t i o  t h e  decrease does not appear i n  t h e  equation. 

Nevertheless it should b e  kept i n  mind t h a t  t h e  absolute  s igna l  t o  

noise  r a t i o  w i l l  decrease proport ional  t o  t h e  square root  of 

But t he  same argument holds f o r  a de tec tor  placed d i r e c t l y  

Since t h e  e f f ic iency  has been defined a s  t h e  r e l a t i v e  

A, . 
The ef f ic iency  of de tec tor  scanning f o r  a > \  and 7 \ has 

been calculated t o  be  
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With t h i s  E, becomes 

Fig. 15 gives  t h e  r e l a t i v e  s igna l  t o  noise r a t i o  and r e l a t i v e  

measurement t i m e  f o r  t h i s  case.  From Fig. 15 we see t h a t  even 

with a sphere wal l  re f lec tance  of 0.99 de tec tor  scanning is  1.16 

t i m e s  more e f f i c i e n t  than averaging by a sphere. It shows t h a t  

for  small de tec tors  scanning i s  a much better choice a s  f a r  a s  

s igna l  t o  noise  r a t i o  i s  concerned. 

Another quest ion one might ask is, how do the  scan t i m e s  

compare fo r  t h e  two cases inves t iga ted ,  assuming t h a t  t h e  same 

spacing A S  and the  same scan ve loc i ty  v i s  being used. 

The t i m e  required f o r  a t o t a l  scan had been calculated a s  

[CLC + a 1\11 / [ @ + 
The r a t i o  of t h e  scanning t i m e s  becomes 

, where 

t h e  index 1 r e f e r s  t o  t h e  case of Section 2.3.1 and index 2 t o  

t h e  case of Section 2.3.2. Using the  dimensions assumed f o r  t h e  

two cases t h e  r a t i o  becomes 

(2.4\ (2.4) I 
LO. I t \.2)(0.5 4 \.I) 

which i s  equal t o  2.61. I n  o ther  words the  t i m e  f o r  a t o t a l  scan 

using a de tec tor  and image of the  same s i z e  and shape is  2.61 t i m e s  

longer than f o r  t h e  case of t h e  small  de tec tor .  

A look a t  t h e  equation fo r  scanning revea ls  t h a t  fo r  a square 

image t h e  e f f ic iency  of de tec tor  scanning is t h e  same f o r  both 

configurat ions shown i n  Fig.  16. 

i ng  t i m e ,  again assuming t h a t  t h e  s t e p  A 5  and t h e  scanning 

ve loc i ty  v is t h e  same i n  both cases .  

The same is t r u e  fo r  t he  t o t a l  Scann- 
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t' 
IMAGE 

b = 1.2 cm 

CONFIGURATION 1 

Fig. 16 Two scanning configurat ions 

More image-detector configurat ions a r e  of course poss ib le  

bu t  s ince  t h e  t w b  cases  invest igated above a r e  t h e  most i n t e re s t ing  

fo r  t h e  EMR we w i l l  l i m i t  ourselves t o  t h e  cases discussed i n  

Sections 2.3.1 and 2.3.2. 

2.4 conclusions 

From t h e  foregoing discussion we can draw t h e  following 

conclusions. 

a )  When la rge  area de tec tors  a r e  ava i l ab le  then averaging 

by a sphere i s  more e f f i c i e n t  provided t h a t  a sphere coat ing of 

a very high re f lec tance  i s  ava i lab le .  I f  t h e  measurement allows, 

one might even want t o  s a c r i f i c e  s igna l  t o  noise  r a t i o  t o  take  

advantage of  t h e  s impl ic i ty  of t h e  averaging sphere. For our 

p a r t i c u l a r  example if o 

r a t i o  by a f ac to r  of 2.3 t h e  averaging sphere could be  used over t h e  

wavelength range where t h e  sphere coat ing has  a re f lec tance  of a t  

l e a s t  0.9. 

can a f ford  a decrease i n  s igna l  t o  noise  T 
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b) If the detector is small compared with the image,detector 
scanning becomes more efficient even at very high sphere coating 
reflectance. In our example of an image size of 1.2 cm x 1.2 cm 
and a detector size of 0.1 cm x 0.5 cm a drop in reflectance 
to 0.99 was enough to make detector scanning more efficient than 
the averaging sphere. A drop in reflectance to 0.90 showed scanning 
5.26 times more efficient than using a sphere. Another way to look 

at this: If the reflectance of the sphere coating drops to 0.90- 

one would have to increase the measurement time by a factor of 
27.67 to obtain the same signal to noise ratio as achieved by 
detector scanning. 

3.0 Design study of Fourier spectrometer - EMR system. 

In the following sections we will study the components of the 
reflectometer and will make an attempt to find an optimum combina- 

tion which will gield the highest possible signal to noise ratio 
over the wavelength region of interest. 

3.1 The radiation source. 
As a source of infrared radiation we will use a silicon 

carbide element (Globar) operated at 140O0K. We will treat the 

Globar as a blackbody radiator. Since the interferometer has a 

constant resolution if expressed in wavenumbers we will express 
the monochromatic flux as power per unit wavenumber interval emitted 

from a unit area into the halfspace. Fig. 17 shows a plot of the 
monochromatic flux of a 1400OK blackbody. The values were taken 

from radiation tables by Carmine c .  Ferriso. The monochromatic 
radiance Ln,b can be obtained from those values using the equation 

The flux passing through the image plane at LL,b * h , b  * 
the second focal point of the ellipsoidal mirror can be calculated as 

" .  
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where fs i s  t h e  re f lec tance  of t h e  sample. 

&,&the e f f ec t ive  t ransmit tance of t h e  o p t i c a l  system 
from t h e  Globar t o  t h e  sample 

Ax is t h e  area of t h e  image on t h e  sample measured 
perpendicular t o  t h e  incident  beam, 
( i f  Air i s  t h e  i r r ad ia t ed  area of t h e  sample then 

chief  ray of t h e  incident  beam and t h e  normal t o  
t h e  sample's su r f ace ) .  

* 

= A;, ICoSY with 'f being t h e  angle  between t h e  

i s  t h e  s p e c t r a l  bandwidth of t h e  instrument i n  c m - l .  

t h e  weighted s o l i d  angle  of t h e  beam incident  on the  
sample. (For a conical  so l id  angle  centered around 
t h e  normal of a surface it is given by 

:a[ y 'OS0 s;n0dQ&q 
'9.0 0-0 

= %' s i n 2 e ,  , with Q, being 
t h e  ha l f  angle  of t h e  cone).  

1 

1 

i 
1 

i 
I 

I 
I 

.'I 

1 
:f 

! 
I 
i 

To make an e s t i m g t e  of t h e  f lux  passing through t h e  image a t  t h e  

second foca l  po in t  (de t ec t ib l e  f lux  we w i l l  have t o  assign values 

t o  t h e  parameters defined above. Since fi and A I  determine 

t h e  throughput of t h e  system our f i r s t  t a sk  w i l l  be t o  design the  

foreopt ics  and choose t h e  s i z e  of t h e  entrance por t  i n  t h e  e l l i p s o i d a l  

mirror.  

- 

3.2 Foreoptics and s i z e  of entrance po r t .  

The simplest way t o  br ing  t h e  beam i n t o  t h e  e l l i p s o i d a l  mirror 

would be t o  focus t h e  f lux  from t h e  Globar through t h e  interferometer  - .  
onto t h e  sample. This arrangement i s  shown i n  Fig. . _  18. - 

i 
1 

i 
I 

I 

1 

I 

I .. 1 
Fig. 18 Focusing through t h e  interferometer  
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If we use the moving mirror of the interferometer as the limiting 

aperture, then the solid of the incident beam is given by the area 
of the moving mirror divided by the square of its distance from the 
sample. Using the actual dimensions of the interferometer and the 

ellipsoidal mirror the weighted solid angle, 5 , of the incident 
beam becomes 0.006 ster. If we further limit the image size at 
the second focal point to 12 cm x 1.2 cm the image at the first 

focal point has to be 0.2 cm x 0.2 cm = 0.04 cm2. 
values the throughput of the system becomes 

Using these 

0.04 (0.006) = 2.4 (10-4) [ster cm2 . 1 
Using the data supplied in the calibration report of Block Engineering, 

Inc., we find that the model 196TC interferometer (wavelength range 
10 - 40pm)'can handle a throughput of 5.67 x cm2 ster and that 

the model 196T (wavelength range 2 - 16pm) is capable of a through- 
put of 5.14 x This shows that the throughput used 
by the foreoptics as discussed above is about 200 times less than 

the interferometer could use. Therefore we should look for an alt- 

ernate and less wasteful approach. Fig. 19 gives an arrangement 
which, at least theoretically,could make full use of the throughput 
advantage of the interferometer. A water cooled diaphragm in front 

of the Globar has an aperture of about 0.2 x 0.2 cm2. 
mirror produces a magnified image of the opening on the fixed 

mirror in the interferometer. 
from the interferometer is then condensed by another spherical mirror 
which produces an image of the diaphragm opening on the surface of 

the sample. The image on the sample has the dimensions of the 

original aperture. 
would just fill the fixed mirror in the interferometer and would 

use a collecting mirror large enough to utilize the largest 

possible solid angle then the full throughput of the interferometer 

cm2 ster. 

A spherical 

The diverging beam which emerges 

If one would magnify the image such that it 
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Fig. 19 Focusing onto t h e  interferometer  mirror 

would have been rea l ized .  

po r t  i n  t h e  e l l i p s o i d a l  mirror would be  required because of l a rge  

coneangle of t he  bean incident  on t h e  sample. This i n  r e tu rn  would 

cause a la rge  entrance hole  loss because p a r t  of t h e  f lux  r e f l ec t ed  

by the  sample would be  l o s t  out  t h e  entrance po r t  and would, therefore ,  

no t  reach t h e  second foca l  point .  

On t h e  o ther  hand a very la rge  entrance 

This then leads t o  t h e  quest ion 
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I of how much of a ho le  loss can b e  to l e ra t ed .  
1 

Our goal ,  a s  was s t a t e d  i n  t h e  in t roduct ion ,  was t o  design 

a re f lec tometer  capable of measuring r e f l ec t ance  with an accuracy 

of  1% f u l l  s ca l e .  This could be  achieved i n  two ways. 

a )  Every source of  poss ib l e  e r r o r s  i s  designed i n  such 

a way t h a t  t h e  sum of  a l l  e r r o r s  becomes less than  

1% o r  

b) one app l i e s  co r rec t ions  f o r  t h e  e r r o r s  such t h a t  t h e  

sum of  t h e  remaining e r r o r s  becomes less than 1%. 

Using t h e  method mentioned under a )  one t r a d e s  accuracy f o r  energy. 

Therefore i n  energy l i m i t e d  cases , a s  i n  ours ,  t h i s  i s  not  a r e a l  1 
' a  p o s s i b i l i t y .  For t h i s  reason w e  chose t o  co r rec t  t h e  e r r o r s .  This 

could be in t e rp re t ed  a s  a compromise between accuracy and convenience 

1 because each co r rec t ion  w i l l  r equ i r e  add i t iona l  measurements. 
-i These add i t iona l  measurements w i l l  be discussed i n  a l a t e r  s ec t ion .  

a 

s 

I 
! Having made t h e  dec i s ion  t o  use t h i s  approach we  can now proceed 

+ with  t h e  design. A s  a s t a r t i n g  po in t  we l i m i t  t h e  hole  loss f o r  ' a p e r f e c t l y  d i f f u s e  r e f l e c t i n g  sample t o  3% and c a l c u l a t e  the 

coneangle f o r  such a loss .  The f lux  contained i n  a cone centered 1 
around the normal t o  t h e  s mple i s  given by 8, 

h $ v  e 2%\ L A ~ c o s S S ~ V ~ O ~ O  
"__L 

where 
0 L i s  t h e  rad iance  of  t h e  r e f l e c t e d  f l u x  

1 (cons tan t  f o r  a p e r f e c t  d i f f u s e r )  
+ !  

'"."A A x  is  the  i r r a d i a t e d  a rea  ( d A  i s  assumed small  
enough t o  consider  t he  po la r  angle  43 and t h e  
azimuthal angle ' f  e s s e n t i a l l y  t he  same f o r  
any po in t  wi th in  dA) 

8, is  t h e  h a l f  angle  of t h e  cone. 
Since the .  t o t a l  reflected f lux ,  +v , f o r  a perfect d i f f u s e r  i s  

A i %  , t h e  f r a c t i o n  of f l u x  contained i n  t h e  cone i s  given by 

A b  cos8 sin 0 dQ 
- - o  9* XL A i  

= s i n 2 0 ,  . 
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Using = 0.03 we ca l cu la t e  8, from s i n  8, = 0 0.1732 

o r  8, = l o o .  
throughput now becomes 

-F 
Since t h e  throughput i s  equal t o  dAq sin28, t h e  

TP = 0.04% 0.03 = 3.77 x 10-3[cm2 ster. 1 
This design therefore  improves t h e  u t i l i z a t i o n  of throughput by a 
fac tor  of = 15.7, bu t  we s t i l l  use only about 7% of t h e  3 * 7 7  

2.4 lo- 
maximum obtainable  throughput. 

through t h e  image a t  t h e  second foca l  po in t ,  *h,  a r e  ‘io((, 
pc . W e  assume a sample re f lec tance  of 0.1 and an e f f ec t ive  

t ransmit tance of 0 .2  ( t h i s  includes transmission losses  through t h e  

interferometer  and re f lec tance  losses i n  t h e  foreopt ics ) .  The 

spec t r a l  bandwidth of model 196T and 196TC 8 interferometer  a r e  

given a s  40 c m - l  and 20 cn i l  respect ively.  

The only parameters missing t o  ca l cu la t e  t h e  f lux  passing 

and 

Using these  values we 

Fig. 20 and Fig. 21 s h o w k f o r  model 196T and model 196TC respect-  

ively.  

obtainable  with t h e  f lux  4 ~ .  This cannot be  done without s e l ec t ing  

a spec i f i c  de tec tor .  I n  t h e  next sec t ion  therefore  w e  w i l l  consider 

a va r i e ty  of de tec tors  which could be  used with t h e  interferometers .  

From these  de tec tors  w e  w i l l  then choose t h e  best su i t ab le  one and 

Our next s t e p  w i l l  be t o  ca l cu la t e  t he  s igna l  t o  noise  r a t i o  

ca l cu la t e  t h e  s i g n a l  t o  noise  r a t i o .  
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3.3 Detectors 

Normally infrared detectors are divided into two groups, thermal 
detectors and photon detectors. For our case we will divide the 

detectors according to convenience. In the first group we will 
consider detectors which can be used at room temperature and in 

the second group we will discuss detectors which require cooling. 
The parameters*which will be discussed will include: 

a) the spectral detectivity (D*) . 
b) the time constant which describes the frequency variation 

of the detectivity or signal to noise ratio of the detector. 

c) the variation of responsivity over the sensitive area of the 
detector. 

d) the angular variation of responsivity. 
e) available sizes of the detector. .+ 

3.3.1 Room kemperature detectors. 

Since the purpose of this investigation was the design 
of a Fourier spectrometer-EMR system we will only discuss those 

detectors which show at least some promise of success. 

3.3.1.1 The Lead Selenide (Pb Se) cell 
I 

1 
* I J  

The Pb Se cell is a photoconductive detector. 

At room temperature it can be used over the wavelength range from 
1 to 4pm. (This of course would limit its use for only a portion 
of the wavelength range of the model 196T Fourier spectrometer.) 
is commercially available in various sizes up to lcm x I c m .  

shows the range of DX ( A  , 780) as taken from reference 12. 

It 
Fig. 22 i 

i 

*The definition of these parameters can be found in references 
10 and 11. 
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Wovelsn$h (microns) - -  

Fig. 22 .  Range of Spec t ra l  
I De tec t iv i t i e s  fo r  Ambient Pb Se 
I Detectors a t  295OK. 

! 

Referencq12 a l s o  ind ica tes  t h a t  t h e  peak de tec t iv i ty  fo r  

elements less than 3mm x 3mm i s  grea te r  than o r  equal t o  

1 x lo9 \cm (cps)%/Wattl . For elements la rger  than 3mm x 3mm 

t h e  peak de tec t iv i ty  becomes smaller and i s  grea te r  o r  equal t o  

6 x lo8 l c m  (cps)%/Wattl 

d e t e c t i v i t y , i t  should be independent of de tec tor  a rea .  But due 

t o  the  fabr ica t ion  process it is d i f f i c u l t  t o  maintain the  same 

average de tec t iv i ty  fo r  la rge  area de tec tors  a s  fo r  small area 

detectors .  Therefore D* decreases with increasing de tec tor  

. Since D* i s  t h e  area normalized 

a rea .  

The t i m e  constant i s  given a s  ,C 2 microseconds and t h e  

peak responsivi ty  fo r  a de tec tor  area of l c m 2  i s  between 1 x l o 2  
and 6 x lo6 \Volts/Watt] . 

A lead selenide cel l  exh ib i t s  l a rge  var ia t ions  of responsi-  

v i t y  over i t s  sens i t i ve  area.  Some averaging technique is 
therefore  necessary. Fig. 23, taken from reference 11, shows a 

"contour map" of a t yp ica l  lead selenide ce l l .  

be found on angular va r i a t ion  of responsivi ty .  

No  data  could 
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I 

I 

I 
I 

I 
i Fig. 2 3 .  Sensitivity contour 

for a typical Pb Se cell. 
I 

i 

10-20 
0.1 Crn 

L -  . Of Sen" I 

3.3.1.2. Indium antimonidd (In Sb) photo- 
conductive cell. 

The room temperature In Sb cell is operated in 
the photoconductive mode. 
we use the wavelengths where D* 

as cut off  points. 

to ( 0 . 2  x 0.5)cm2. 
Figures 24,  25 and 26 show parameters of a typical cell.* 

The wavelength range is about 2 to 7pm if 

has dropped to half of its peak value 

The cell is available in sizes from ( 0 . 0 5  x 0.05)cm2 

The time constant is given as less than 0 . 2  sec. 

- .  

*These figures were taken from a brochure "Infrared Detectors" by 
Mullard Limited, London. 
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Fig. 24 Relative,  spectral  Fig.  25 D* (A, 800 , l )  for 
responsivity of a typical  
room temperature In Sb ce l l  In Sb c e l l .  

a typical  room temperature 

20-  5 15 5 
- 

- -  
I - -  4 

- -  
I Fig. 26 Signal,  noise ,  - 

0- - -2. 3 "0 responsivity,  and peak 
'2 Ye - 
E 

7; detect iv i ty  as a function 2 - 10- 2 4 - $ I O  of  b ias  current for  a 
typical  room temperature 

VI D " .  '3 I In Sb c e l l .  - *- 

0 -  

p - 2  - $  

! - I n  I 
! 

2 4 6 0 ;  
0 -  3- 5 

8 IO 
Bmscurrent (mA) lasssrl , 

._ __ I 
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3.3.1.3 Large area thermopile 

The receiving element of these  de tec tors  i s  a 

gold-black coated gold f o i l .  They have been manufactured i n  s i z e s  

up t o  ( 1 . 2  x 1 . 2 )  c m 2 .  

is determined by t h e  absorptance of t h e  gold-black coat ing and t h e  

transmittance of t h e  window. 

fo r  unmodulated rad ia t ion .  The t i m e  constant fo r  a la rge  area thermo- 

p i l e  is about 40 mill iseconds.  The r e l a t i v e l y  long t i m e  constant i s  

the  main l imi t a t ion  of t h i s  de tec tor  fo r  our appl ica t ion .  It means 

t h a t  t he  de tec tor  reaches only 63% of its DC responsivi ty  a t  a 

chopping frequency of 25 cps and only 10% a t  about 100 cps. The 

l imi t ing  noise i s  about equal  t o  t h e  Johnson noise  and i s  given 

between 0.7 t o  1 x v o l t s  r m s  f o r  a res i s tance  of about 30 ohms. 

The s p e c t r a l  responsivi ty  of t h e  thermopiles 

The responsivity* is given a s  2 volts/watt  

3 

1 

Although t h e  gold-black coat ing can have q u i t e  a uniform 

absorptance the  thermopile s t i l l  exhib i t s  a l a rge 'va r i a t ion  of 

1 s e n s i t i v i t y  over i t g  receiving area .  Measurements of s e n s i t i v i t y  

The measure- 

1 ments showed t h a t  t h e  s e n s i t i v i t y  peaked a t  t he  locat ions of t he  

junct ions and dropped almost t o  zero i n  a reas  between the  junct ions.  

I Therefore the  thermopile could not be used without an averaging device. 

1 about thermal de tec tors .  

proport ional  t o  t h e  thermal impedance of t h e  de tec tor .  On the  other  

1 hand t h e  t i m e  constant increases  proportionaly with increasing thermal 

i 
1 

var i a t ions  have been made by Sta i r13  e t  a l .  a t  NBS. 

A t  t h i s  po in t  it seems worth while t o  i n j e c t  a general  comment 

The responsivi ty  of a thermal de tec tor  i s  

impedance. 

requi res  a t r ade  o f f  of responsivi ty  versus t h e  t i m e  constant.  

an example, from reference 14 (page 136) w e  f ind t h a t  t h e  AC responsi- 

v i ty ,  defined a s  t h e  r a t i o  of t h e  amplitude of t h e  open-circuit  vol tage 

generated t o  t h e  amplitude of t h e  inc ident  power, of a thermocouple, 

The design of a pa r t i cu la r  thermal de tec tor  therefore  

AS 

1 *This information was taken from t h e  thermopile catalogue of t h e  
Charles M. R e e d e r  & Co., Inc. ,  Det ro i t .  

-49- i 
*I 

- .  



can be wr i t ten  a s  
- c  V SR 
P L\ k wL (RC)z.lh ’ 

where S i s  t h e  thermoelectr ic  power of t h e  mater ia l  used, 

R is the  thermal impedance of t h e  de tec tor  

C i s  t h e  thermal capacitance of t h e  de tec tor  

and W i s  t h e  angular frequency of t h e  modulated rad ia t ion .  

A t  t he  present  t h e  Reeder Company i s  developing a LN2 - cooled 

l a rge  area thermopile. Although not  evident from t h e  equation above, 

a higher responsivi ty  and a smaller t i m e  constant is predicted.  Dunn 

Associates has ordered t h e  f i r s t  two models and w i l l  test them with 

t h e  Fourier spectrometer a s  soon a s  they w i l l  be  del ivered.  Unfortu- 

na te ly  t h e  development of t h e  cooled thermopile i s  much behind schedule. 

3.3.1.4 Solid-Backed Araporated Thermopile 

This de tec tor  has been described i n  d e t a i l  by Astheimer and 

Radiation Detector. 

Weiner.15 

antimony, onto a subs t r a t e  through appropriate  masks. I n  t h i s  way 

many junctions can be  formed i n  almost any configurat ion.  The responsi- 

v i t y  i s  proport ional  t o  t h e  number of junct ions per  un i t  area,  but  on 

t h e  other  hand t h e  e l e c t r i c a l  r e s i s t i v i t y  increases  a l so ,  which is 

accompanied by an increase i n  noise.  According t o  reference 15 the  

main advantage t h e  evaporated thermopile has over the’ Schwarz-type 

thermopile i s  its ruggedness. Table 1, taken from reference 15, compares 

t h e  evaporated thermopile with a Schwarz-type thermocouple and a thermis- 

t o r  bolometer. A s  we can see from t h a t  t ab l e ,  a Schwarz-type thermo- 

couple o f f e r s  lower noise-equivalent-power and higher responsivi ty ,  

while t h e  evaporated thermopile has a f a s t e r  t i m e  response. But a s  

we have seen before ,  a f a s t e r  t i m e  constant can always be achieved 

a t  t h e  expense of  responsivity, .  

It is formed by evaporating two metals, such a s  bismuth and 

* 

A more recent  pub1icationl6 of Barnes 
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I 
Table 1. Comparison of Long-Wavelength Detector Characteristics I 

Receiver Number DC reaponsivity D' 
dimenaions of a' a 7 Resistance 300"K, de, 

Detector type (mm) elements (wY-l/cm*) (V/W) (msec) (n) NEP(W) l c p s ( m / W )  

Evaporated 

Evaporated 

Evaporated 

Evaporated 
multiple 
layer 
thermopile 2.5diam 40 0.12 2.4 40 150 6 6 X 3 4 X 10' 

thermopile 1 x 8  40 0 02 0 25 8 30 2 8 x 10-0 1 x 10' 

thermopile 1 X 8  120 0 03 0.37 6 100 3.5 x 10-9 0 8 x ILY 

thermopile 2.5diam 20 0.06 1.2 30 50 7.6 X lo-'" 3 x 108 

Schwarz-type 

Thermistor 
8.2 x IO-" 24 X 10' thermocouple 2 X 2 1 0 20 5 0  35 10 

bolometer 1 x 1  1 14.0 1400 15 2 3 M  2 x 10- 5 x 1w 

Engineering gives a t a b l e  with t h e  cha rac t e r i s t i d s  of standard evapor- 

a ted thermopiles. ,This t a b l e  i s  shown a s  Table 2 .  The D* values,  

which do not include window losses ,  a r e  lower than those given i n  

Table 1. 

3.3.1.5 The Thermistor bolometer: 

The sensing element of a thermistor  bolometer i s  

a thermally sens i t i ve  r e s i s t o r  which undergoes a l a rge  change i n  re- 

s i s t ance  when exposed t o  rad ia t ion .  The semiconductor f lakes  used by 

Barnes Engineering change t h e i r  r e s i s t ance  by about four percent per  

degree K of temperature var ia t ion .  The surface of t h e  f l ake  is 

blackened t o  increase t h e  absorptance over a l a rge  wavelength region. 

The temperature coe f f i c i en t  of res i s tance  fo r  a thermistor  

mater ia l  i s  negative.  This l i m i t s  t h e  b i a s  vol tage t o  a value which 

keeps Jou le ' s  heat ing t o  a minimum. Figure 27 shows t h e  re la t ionship  

between b i a s  vol tage and de tec tor  cur ren t  f o r  severa l  de tec tor  resist- 

ances. To safeguard aga ins t  de tec tor  "burnout" t h e  reference mentioned 

*Most of t he  information and f igures  presented 
Infrared Detectors", Bu l l e t in  2-100 of Barnes 
Connecticut. 
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I Fig. 27 
Bias voltage - detector I current relationship for 
thermistor bolometers 

J 
above recommends to operate the detector at 60”/,.of its peak bias 
voltage. 

As already disdussed in connection with the thermopile, responsi- 

vity of a thermal detector can be traded against time constant. 
Figure 28  shows to what degree responsivity and time constant can 
be traded. 

Fig. 28 
Frequency-Response 
characteristics for 
thermistor bolometers 
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Reference 11 gives the following relationship between D* and the 
time constant: 

D* = 8 x lo9 x 35 , where 7 is in seconds. 

The limiting noise for thermistor bolometers is Johnson noise 

for modulation frequencies larger than about 40 cps and l/f noise 
for frequencies less than or equal to 40 cps. Figure 29, taken from 
reference 11, shows D* as a function of modulation frequency. 

Fig. 29. D* (hp,f) 
as a function of 
modulation frequencies. 

,. t I I I 1 I 1 1 1  I I l l 1 1 1 1 1  I I I 1 ' 1 1 1  

1 10 lo' lo3 

The time constant of commercially available detectors ranges 
from 0.8 to 8 milliseconds. The size of the flake ranges from 

(0.03 x 0.03)cm2 to (0.25 x 0.25)cm2. 
Table 3 shows characteristics of thermistor bolometers available 

from the Barnes Engineering Company. 
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Table 3 Characteristics of commercially 
available thermistor bolometers 

e-7 

SOLID-BACKED THERMISTOR INFRARED DETECTORS (Flang 0. 1 Thermistor Material) 1 

2-108 I 1.5~ 1.5 2.5 KRSd 2.5 230 I 
2-1 09 I 2.ox2.0 I 1.1 I KRS-5 2.5 80 

Note 2: Responsivi$y of solid-backed thermistor detectors is measured 
with KRS-5 window in place. Radiation is supplied by a blackbody at 

470°K, mechanically chopped at 15 cps to produce a square-wave (50% 
duty cycle) radiation signal. Peak-to-peak input irradiance in the 

plane of the detector is 2.28 microwatts/mm2. 
that of the active flake: in a bridge circuit responsivity is one-half 
this value. 

Listed responsivity is 

The main handicap of this detector for our applications is its 
small size which, regardless of the presence of spatial variations 

of responsivity, would require image scann'ing. 

3.3.1.6 The Pyroelectric Detector 

This detector has been described by 
Astheimer17 and Beerman18 of Barnes Engineering Company. The 
following information is taken from references 17 and 18. 

The heart of a pyroelectric detector is a piezoelectric crystal 

which also exhibits spontaneous polarization. These crystals are 
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called pyroelectric, since the value of spontaneous polarization is 
temperature dependent and a change in charge (and therefore voltage) 

will appear whenever the temperature is changed. The following 
equations, taken from reference 17, show the relationship between 

the responsivity of the detector and its physical parameters. 
the DC responsivity while R,is the responsivity at a modulation 
frequency w. 

Ro is 

h 
where: L is the thermal time constant (sec) 

fi is the'pyroelectric coefficient lcoulombs/OK-cmq= dP,/dt 
(the change in spontaneous polarization with temperature) 

A is the area of the detector [cm21 
is the thermal impedance [Oc/WattJ 

e is the dielectric constant 
y 
c is the capacitance \farad] 

is the thickness of the detector flake 

The DC responsivity is proportional to rile , which is a material 
constant and can be considered a figure of merit of the pyroelectric 

material. This figure is given as4 x 10-10 [coulombs/oC-cm2] for - .  
triglycine sulfate, the material used in the first commercial detectors. 
The equations also show that a thick flake would be desirable for a 
high DC responsivity which would however result in a slow thermal time 
constant. As shown in reference 17 a thin flake should be used to keep 
detector noise low. 

The detector is normally used at frequencies above the thermal time 
constant. Besides the thermal time constant we have to consider an 
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e l e c t r i c a l  t i m e  constant which i s  determined by t h e  capacitance of t h e  

de tec tor  and the  input  r e s i s t ance  of t h e  amplif ier .  The e l e c t r i c a l  

cut-off frequency i s  general ly  higher than the  thermal cut-off f re -  

quency. The de tec tor  i s  normally operated between those two frequencies. 

Since t h e  pyroe lec t r ic  de tec tor  i s  a pure capacitance it does not  

show “Johnson” noise  and t h e  l imi t ing  de tec tor  noise  should be  

temperature noise,  which i s  caused by random f luc tua t ion  of t h e  

temperature of t h e  absorbing element. So f a r  t h i s  l i m i t  has not  been 

reached because t h e  noise  l eve l  of t he  amplif ier  was higher than t h e  

thermal noise  of t h e  de tec tors .  The p r a c t i c a l  l imi t ing  noise  of t he  

pyroe lec t r ic  de tec tor  is therefore  amplif ier  noise .  

The s t ruc tu re  of a t yp ica l  pyroe lec t r ic  de tec tor  is  shown i n  

f igure  30. A t h i n  f i lm of mylar whose upper surface i s  metall ized, is  

r-- 

Figure 30 Construction 
of a pyroe lec t r ic  
de tec t  o r  

~ 

s t re tched  over a support  r ing .  

mater ia l ,  with gold e lec t rodes  evaporated onto both surfaces ,  i s  

attached t o  t h e  mylar f i lm with conducting cement. The upper 

surface of t h e  d i s c  i s  blackened. The s igna l  i s  taken of f  t h e  upper 

e lec t rode  while t h e  lower one i n  contact  with t h e  metall ized mylar 

i s  grounded. 

A t h i n  d i s c  of t h e  pyroe lec t r ic  

Although no information on s p a t i a l  s e n s i t i v i t y  could be  obtained 

from t h e  manufacturer, it seems t h a t  it w i l l  depend mainly on t h e  

uniformity on black coating. Therefore very uniform responsivi ty  

should be obtainable  provided t h e  c r y s t a l  i t s e l f  is uniform. So 

f a r  pyroe lec t r ic  de tec tors  have been manufactured in s i z e s  of  

(0 .1  x 0.1)cm2 but  reference 17 says t h a t  s i z e s  of (1 x l ) c m 2  a r e  
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possible .  Dunn Associates has recent ly  received a quotat ion on a 

pyroe lec t r ic  de tec tor  with a s e n s i t i v e  area of (1.2 x 1 .2 )cm2 .  

Charac te r i s t ics  o f  a t y p i c a l  (0.1 x 0.1) cm2 t r i g lyc ine  s u l f a t e  

pyroe lec t r ic  de tec tor  a r e  shown i n  f igu re  31. It gives  a p l o t  of 

t h e  responsivi ty ,  noise  and D* a s  funct ions of modulation frequencies. 

The shor t  c i r c u i t  noise  of  t h e  amplif ier  i s  a l s o  shown and w e  can 

see t h a t  a t  about 1000 cps t h i s  noise  becomes predominant and D* 

f a l l s  rap id ly  the rea f t e r .  The spec i f i c  d e t e c t i v i t y  (D*) is  lo8 up 

t o  200 cps.  This includes a 30% transmission lo s s  f o r  t h e  KRS-5 

window employed. 

Those de tec tors  described above, a t  l e a s t  t o  our knowledge, show 

t h e  bes t  q u a l i t i e s  of a l l  commercially ava i lab le  ambient tempera- 

t u r e  detectors* which can be  used with t h e  Fourier spectrometer-EMR 

system. After  discussing t h e  cooled de tec tors  we w i l l  choose the  

best su i t ab le  ambient temperature de tec tor  and inves t iga t e  i ts  

expected performance i n  t h e  system. 

3.3.2 Cooled Detectors 

A s  was t h e  case f o r  t h e  sec t ion  about ambient tempera- 

t u r e  de tec tors ,  t h i s  sec t ion  is not  intended t o  give a complete 

survey of a l l  cooled de tec tors .  W e  w i l l  only l i s t  de tec tors  which 

w i l l  a t  l e a s t  span t h e  wavelength range of one of t h e  interferometers .  

I f  t he re  a r e  more than one de tec tor  covering t h e  same wavelength range, 

w e  w i l l  p ick t h e  one which seems better su i ted  f o r  our purpose. 
* 

Before we d i scuss  spec i f i c  de tec tors  it seems necessary t o  make 

By cooling a de tec tor  t h e  i n t e r n a l  de tec tor  some general  remarks. 

noise  becomes very small  up t o  a po in t  where t h e  noise ,  caused by 

random f luc tua t ions  i n  background photons s t r i k i n g  t h e  detector ,  

*The la rge  area bolometer described i n  reference 19 which would have 
many des i rab le  q u a l i t i e s  has been excluded because it is not 
commercially ava i lab le .  
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1 becomes dominant. This photon noise i s  proport ional  t o  t h e  square- 

roo t  of t h e  inc ident  photon r a t e .  

is  proport ional  t o  e f f ec t ive  weighted so l id  angle ( n * VGin 0% 
for di f fuse ly  viewing de tec tors ;  see page 3 8 ) ,  t h e  photon noise  is  

proport ional  t o  t h e  s i n e  of ha l f  angle of t he  cone. This i s  

/ 
Since t h e  incident  photon r a t e  

2 .c 

where D*(Q) is t h e  value of  D* a t  angle  0, D*(’%) is t h e  value of  

D* when 8 = v  , and 8 i s  t h e  t o t a l  cone angle of t h e  incident  radi-  

a t ion .  Figure 32 shows a p l o t  of t h a t  function. 
1 

Figure 32. Relat ive theo re t i ca l  
change i n  Db by using a cooled 
aper ture  i n  f ron t  of t he  de tec tor .  

0 2 0  40  60 80 100 120 140 160 I80 

8,  OEG 

From f igure  32 we see t h a t  we could expect an increase i n  D* by a 

f ac to r  of 2 by using a cooled aper ture  l imi t ing  t h e  f i e l d  of view 

t o  6 0 ° .  Actual measurements of D* and D** show t h a t  above theore t i -  

c a l  r e l a t ionsh ip  holds down t o  t o t a l  cone angles of about 30°, where 

i n t e r n a l  noise  becomes dominant again. D** is de,fined a s  

p* = 3* LQ)($\Ji 
which f o r  a d i f fuse  viewing de tec tor  becomes i d e n t i c a l  t o  the  

previous equation. D** can be  in te rpre ted  a s  a view f i e l d  inde- 

pendent de t ec t iv i ty .  Figure 33, taken from reference 20, shows t h e  

r e s u l t s  of measurements 

cone angle.  

of D* and D** a s  a function of t h e  t o t a l  
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Fig. 33. Relat ive change i n  D** achieved 
by using a cooled aper ture  i n  
f ron t  of a detector .  

Reference 20 contains  a very informative p l o t  of t h e  maximum 

D* obtainable  a t  any wavelength with an average de tec tor  regardless  

of its operating temperature. This p l o t  i s  shown a s  Figure 34.  

- .  
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Fig. 34. Maximum gX obtainable with average detectors 
regardless of operating temperature. 



Figure 34 a l s o  shows t h a t  de tec tors  ava i lab le  f o r  t h e  I R  have a 

much lower D* than those f o r  t h e  v i s i b l e  region of  t h e  spectrum. 

3.3.2.1 The Mercury Cadmium Tel lur ide  

Most of t h e  information about t h i s  de tec tor  

Detector 

has been o r  s t i l l  is  c l a s s i f i e d .  

appeared which shows some parameters of t h i s  de tec tor .  

Recently, however, an a r t i c l e "  

The HgCdTe sensor is operated a t  l i qu id  ni t rogen (77'K) tempera- 

t u re .  It covers t h e  wavelength range from 2 t o  14pm with a peak 

spec i f i c  de t ec t iv i ty  (D*) between l o 9  and l o l o  c m  (cps)%/Watt. 

i s  a very f a s t  de tec tor  with a t i m e  constant  around 10 nanoseconds. 

The sens i t i ve  area ranges from 0.003 t o  l m m 2 .  

t h e  a r t i c l e  mentioned above, shows some parameters of HgCdTe de tec tors  

produced by d i f f e r e n t  manufacturers. 

It 

Table 4, taken from 

i 

Table 4 

HgCdTe DETECTOR CHARACTERISTICS 
MANUFACTURER 

PART NUMBER 

DETECTOR TYPE 

PEAK SPECTRAL 
DETECTlVlTY (0') 

RESPONS~ TIME 

CELL A R M  

SPECTRAL RESPONSES 
AVAILABLE 

OPERATING TEMP. 

IMPEDANCE 

WINDOW 

FIELD OF VIEW 

ScdCtt Anonyme do 
TClbommunlmtiom [SAT) 
Parts, France 
US. Mfg. R a p  Ellsck Corp. 

A 541 
4 SA1 

Phdorollalc 

Loahmml, N.Y. 

015 [In 01m dewar) 
016 [In meld dewar) 

*Joel  A. S t rasser ,  NASA Receives French I R  Detector, Aerospace 
Technology, Feb. 12 ,  1968. 
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This detector  would cover t h e  wavelength range of model 196-T 

interferometer .  

area and the  narrow f i e l d  of view. 

I ts  main disadvantages ace t h e  small  s ens i t i ve  

3.3.2.2 The Mercury doped Germanium 
de tec tor  (Ge:Hg) 

The mercury doped germanium de tec tor  is a 

s ing le  c r y s t a l  photoconductive de tec tor  f o r  t h e  2 - 14pm region. 

It is 300°K.background l i m i t e d  when operated below 4OOK. Figure 35, 

taken from reference 20, gives D*h of Ge:Hg de tec tors  a t  4'K. 

shown a s  comparison i s  t h e  D* of copper doped germanium de tec tors .  

It should be noted t h a t  t he  D* of Ge:Hg va r i e s  with area,  small  

area de tec tors  having higher values. Table 5,  taken from reference 

Also 

I 
I 

21 ,  shows t h i s  q u i t e  c l ea r ly .  

Table 5 

D* of Ge:Hg fo r  Several  Fields  of V i e w  

I . !  

i 

Field of V i e w  D* (500,1000,1) 

A <  2 x ~-3cm2 ~ > 2  x 10-3,,2 

1200 

EO0 

40° 

200 

7 109 

9.5 109 

3.5 x 3.010 

1.8 x 1O1O 

4 x 109 

5.5 109 

1 x 1010 

2 x 1010 
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Ge:Hg detectors are manufactured in sizes up to (0.5 x 0.5)cm2. 
The time constant is 
vity depends on the field of view as well as on the sensitive area 

of the detector. Figure 36, taken from reference 21, shows this 
dependency. 

0.51.1 sec for temperatures 20°K. The responsi- 

. j ,  
- .  

. -. 

I 
1 
i 
j 

i 

i 

I 
i 

i 
! 

I 

I 

~ 

Figure 36. Open circuit 
500°R blackbody responsi- 
vity versus field-of-view 
at S°K for several detector 
areas. 

3.3.2.3 The Zinc doped germanium 

This detector, also known as the ZIP 
detector e 

- .  

detector (zinc impurity p-type), has the widest wavelength range 

of all doped germanium detectors. 
at 2pm and reaches 2 x 1O1O at about 37pm. 
is between 38 and 40pm. 
gives D*A for an average Ge:Zn detector. 

It has a D* of about 1 x lo9 
Its cutoff wavelength 

Figure 37, taken from reference 20, 
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Figure 37. D * h  for an average Ge:Zn detector. 
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The Ge:Zn de tec tor  has t o  be  operated a t  l iqu id  helium tempera- 

t u r e  ( 4 . 2 O K ) .  It has a t i m e  constant of less than 1 p  sec. It is 

* commercially ava i lab le  i n  s i z e s  up t o  (0.5 x 0.5)cm2. Dunn Associates ‘ has received a quotat ion from Texas Instruments a t  Dallas,  Texas,on 

a Ge:Zn de tec tor  with a s ens i t i ve  area of (1.2 x 1 . 2 ) c m 2 .  However, 

Texas Instruments was not  Will ing t o  guarantee the  requested spec i f i -  

cat ions “due to t h e  l a rge  s i z e  of t h e  element and prototype nature  

of t h e  device. *I 

t 
3.3.2.4 The Gallium doped Germanium Bolometer 

I This cryogenic bolometer, developed a t  Texas 
i 

1 
1 

Instruments, Incorporated,  has been described i n  severa l  papers. 2 2 # 2 3 1 2 4  

Being a thermal de tec tor  t h e  t i m e  response can be  var ied by changing 

t h e  dimensions and construct ion of t h e  detector . .  An increase i n  

t i m e  constant  means a l s o  an increase i n  responsivi ty .  

t h a t  t h e  t i m e  constant of t h e  bolometer a t  2OK i s  var iab le  from 

less than sec t o  many seconds, and t h a t  t h e  responsivi ty  can 

exceed l o 5  Volts/Watt. A t  4.2OK, a f i e l d  of view of 180°, and a 

’ background temperature of  300°K t h e  de tec tor  i s  background l imited.  

~ow22 repor t s  

t 

i 
A t  small  aper tures  t h i s  condi t ion can only be  achieved by cooling 

t h e  s e n s i t i v e  element below 4.2OK. Figure 38, taken from reference 

22, shows va lues ,of  calculated noise  equivalent power together  with 
-1 
.I 

- .  

1 Fig. 38. Calculated tempera- 
t u r e  va r i a t ions  of NEP and 
measured values fo r  a t yp ica l  
bolometer. ( thickness t= lOp,  
s ens i t i ve  area a=O. lcm2. 

i 
I 

3 

I 
* >  



experimental results. G is the thermal conductance between bolometer 

element and bath. 
Germanium bolometers have been built in sizes from (0.06 x 0.025)cm2 

to (0.5 x 0.5)cm2. 
bolometer to our specifications on a trial basis. 
at a modulation frequency of 25 cps (corresponding to a wavelength of 
40pm) was 1 x lo-' Watts. 

have been used with a cooled image reducing light cone in front of the 

Texas Instruments, Inc.* was willing to make a 
The expected NEP 

A sensitive area of (0.5 x 0.5)cm2 would 

element. Table 6, taken from a sales brochure of TI, shows the 

specifications of typcial germanium bolometer systems. 

Table 6 
Specification for typical germanium bolometers 

Spectral Region 
(microns) 

Chopping Speed 1 (Hz) 

Operating Temp. 
(" Kelvin) 

Detector Area 

Cone Angle 

I 

1 2 3  
- 

c 1- 100- 
14 20 150t 

35 20 10 

2.0" 2" 20 

1x.6 1x5 5x5 

15" 53' 15" 

5 30 30 

4 5  

50- 50- 

11 13 

4.2" 4.2' 

2x2 5x2 

15' 23" 

10 30 

14 15 

50- 12- 
500 lOa  

16 13 

1.5" 4.2' 

5x5 1x1 

15" 10" 

a i o  

- .  

- *  * I Private communication with M r .  J . B .  Damrel, Jr. of Texas Instruments, 
Inc. at Houston, Texas. 
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3 . 3 . 3  Conclusions 
of all ambient temperature detectors investigated, the pyro- 

electric detector from Barnes Engineering seems to offer the greatest 
advantages for the use with the ellipsoidal mirror reflectometer. It 
can be manufactured in sizes large enough to receive the complete 
.image at the second focal point and, although not proven experiment- 

ally, should be spatially insensitive enough to eliminate the need 
for an averaging device. 
desirable to experimentally investigate the performance of a large 

area pyroelectric detector with a Fourier spectrometer-ENR system. 
Dunn Associates has received a quotation from the Barnes Engineering 
Company on such a detector, with a sensitive area of (1.2 x 1.2)cm2. 

The noise equivalent power at 25 cps was expected to be less than 
or equal to 1 x Watts. Unfortunately the purchase price 
of $6.758.. which would include the development cost for the 
large area element!, is well beyond the funds available for this 

study program. For this reason, as well as the long delivery time 
involved, mnn Associates is unable to make an experimental evalu- 
ation. 

For these reasons it would be highly 

Assuming that the pyroelectric detector would meet the specifi, 
cation, we can calculate the measurement time necessary to obtain a 

given signal to noise ratio. 
lowest flux level occurs at 40pm. 
lated as 1 x Watts using a sample reflectance of 10%. To obtain 

an accuracy of 1% full scale we should have a signal to noise ratio 
of 500. 

From figures 20 and 21 we find that the 
The flux level at 40pm was calcu- 

The signal to noise ratio is given by 

G k  !#ii * 
q k  at 40pm and for a lOoO/, reflectance is 1 x Watts 

NEP is 1 x 10-8 Watts. 
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- 1 x 10-6 With this (i)40 - This represents the signal 

to noise ratio for a measurement time of 1 second. Since S/N is 

lo-g = 100. 

I 

.i 

i 

proportional to the square root of the measurement time , the 
time to achieve a S/N of 500 is given by 
other words, we can achieve a S/N of 500 by coherently adding 25 
interferograms. 
would drop by a factor of 0.25 or S/N = 125. 

% = (500/100)2 = 25. In 

If detector scanning should become necessary S/N 

To bring it back up 
to a level of 500 we would have to increase the measurement time by 
another factor of 16. The total measurement time would then become 
(25)(16) = 400 sec. This is still reasonable. So, we can say that 
the measurement looks indeed feasible if the pyroelectric detector 
meets its specifications. 

I 

The most attractive detector of the cooled detectors seems to 
be the Ge:Zn detector. It could be used over the entire wavelength 

1 
I region of the two interferometers, or at least out to 38pm. Pro- 

viding that the large area of 1.44 cm2 Ge:Zn detector would meet 

the specifications the S/N would be improved by almost two orders 
of magnitude over the pyroelectric detector. On the other hand it 

would impose the inconvenience of Liquid helium cooling with the 
requirement of installing a fairly bulky (16 cm diam; 39 cm high) 

1 

/ 

'1 cryogenic dewar. 

) 

4 3.4 Correction for systematic errors. 
A very detailed analysis of systematic as well as random errors 

connected with reflectance measurements by an ellipsoidal mirror 
reflectometer has been performed by 
here. The basic idea was to make very accurate corrections on large 
errors, such as th'e entrance hole loss, and to make a rough estimate 

on small errors, since a large error in a small correction causes only 
a small error in the end result, We will give an alternate and more 
accurate approach to correct for the entrance hole loss. Dunn had to 

and will not be repeated 
! 
\ 

1 

1 
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by means of a 

! 

beamspli t ter  as indicated i n  f igure  38. 
. .  

assume t h a t  t h e  f lux  dens i ty  a t  any point  within t h e  entrance hole  

was t h e  same a s  on t h e  e l l i p s o i d a l  mirror next t o  t h e  entrance hole.  

This assumption is probably good enough i f  t h e  entrance hole  is small. 

It becomes ce r t a in ly  questionable i n  our case because we decided t o  

allow a 3% entrance hole  lo s s  (based on a pe r fec t ly  d i f fuse  r e f l e c t o r )  

i n  order  t o  take  a t  l e a s t  some advantage of t h e  l a rge  throughput of 

t h e  interferometer.  

The e r r o r  caused by t h a t  port ion of t h e  r e f l ec t ed  f lux  which 

escapes through t h e  entrance po r t  w i l l  be  e s s e n t i a l l y  zero fo r  t h e  

specular re f lec tance  standard and w i l l  become a maximum f o r  mater ia ls  

which backscat ter  i n t o  t h e  d i r ec t ion  of incidence.  The f lux  leaving 

t h e  e l l i p s o i d a l  mirror through t h e  entrance hole  could be meaaured 

Rotary table w;& 
2 flied positions 

I - 
Fig. 30 Measurement of t h e  f lux  lost 

through the  entrance hole.  
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The beamspli t ter  is placed i n  f ront  of t h e  entrance hole.  Of t h e  

monochromatic f lux  40 ,  which i s  incident  on t h e  beamspli t ter ,  t h e  

f r ac t ion  2, i s  t ransmit ted down t o  t h e  sample. 

by t h e  sample i s  then 40 . A f rac t ion ,  f w  , of t h e  r e f l ec t ed  

f lux  escapes through t h e  entrance hole,  is p a r t i a l l y  r e f l ec t ed  by t h e  

beamspli t ter  and reaches the  de tec tor  i n  pos i t i on  2 v ia  a f l a t  and 

a spher ica l  mirror.  The s igna l ,  S3, obtained from t h e  de tec tor  would 

be  

The f lux  re f lec ted  

where C i s  

L g  i s  
h 

Qs i s  
f a  i s  

a propor t iona l i ty  constant  

t h e  t ransmit tance of t h e  beamspl i t ter  

t h e  re f lec tance  of t h e  sample 

t h e  f r ac t ion  of t h e  r e f l ec t ed  f lux  l o s t  through 
t h e  entrance hole  

?e i s  th'e re f lec tance  of t he  beamspl i t ter  

?,,A a r e  t h e  re f lec tances  of Mi and M2 respec t ive ly  

a l l  p roper t ies  a r e  monochromatic proper t ies . )  (Note: 

The s igna l  S2,  obtained with t h e  beamspli t ter  removed, t h e  sample 

replaced by a specular re f lec tance  standard and t h e  de tec tor  i n  

pos i t ion  1 i s  

Sub st  i t u t i n g  

obtain jH a s  

5, - 
is t h e  

i s  t h e  

*. re f lec tance  of t h e  specular  standard 

re f lec tance  of t he  e l l i p s o i d a l  mirror.  

t h e  expression f o r  e,, i n t o  t h e  equation €or S3 we 

-. . 
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This means t h a t  we need t o  know t h e  t ransmit tance and re f lec tance  of 

t h e  beamspl i t ter  a s  w e l l  a s  t h e  re f lec tances  of t h e  mirrors involved 

t o  ob ta in fn  . 
W e  should be aware t h a t  t h e  s igna l  t o  noise  r a t i o  i n  S3 w i l l  

Assuming be d r a s t i c a l l y  lower than i n  our previous calculat ions.  

an i d e a l  beamspl i t ter  and a d i f fuse  r e f l e c t o r  with a re f lec tance  of 1 

the  f lux  l eve l  on t h e  de tec tor  would be 0.25(0.03) &= 0.0075 Qi, . 
O r  t he  s igna l  t o  noise  r a t i o  is  more than two orders  of magnitude 

lower than i n  our previous ca lcu la t ions .  However, t h e  hole  loss is 
only a function of t h e  d i r ec t iona l  d i s t r ibu t ion  of t h e  r e f l ec t ed  

f lux,  which changes very slowly with wavelength. Therefore one 

could use t h e  data  obtained a t  wavelengths, where s u f f i c i e n t  energy 

is ava i lab le  and use those t o  co r rec t  t h e  data  a t  o ther  wavelengths. 

- .  
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4.0 Summary 

In this report we have studied the problems associated with a 
One Fourier Spectrometer-Ellipsoidal Mirror Reflectometer system. 

of the most important problems was to find a suitable averaging 
technique which could be used efficiently at long wavelengths. The 
result was that at long wavelengths, where the system becomes energy 
limited, detector scanning is the clear choice because of its superior 
efficiency. 

Another problem studied was the compromise between using the 
large throughput of the interferometer and the error caused by the 

large entrance hole in the ellipsoidal mirror. The conclusion was 
that one will have to accept a fairly large error in the basic 
measurement to allow sufficient energy to enter the system. 
al measurements will, however, be required to make corrections for 
the errors to ensure that the error in the final result will be less 
than 0.01. Flux levels were calculated using parameters of model 
196T and 196TC Block interferometers. As could be expected, the 
crucial region was the long wavelength region, where the radiant 
power, based on certain assumptions, fell to 1 x 10-7 Watts. 

Addition- 

Keeping this in mind, we took a look at all available detectors 
which showed at least some promise of success. Detectors used at 
ambient temperature as well as cooled detectors were investigated. 
The most interesting ambient temperature detector turned out to be 
a recently developed pyroelectric detector. A quotation for such 
a detector with a sensitive area of (1.2 x 1.2)cm2 was obtained from 
Barnes Engineering. This detector has a NE?? of 1 x Watts at 
25 cps (corresponding to 40pm). The most attractive feature of this 
detector is that it could, at least theoretically, be used without an 
averaging device. This would have to be established experimentally. 

of the cooled detectors, a liquid Helium cooled zinc doped germanium 
detector would be the choice for our system. 

- .  

It can essentially 
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cover the entire wavelength range of the two interferometers and 
its D* peaks at about 37pm where the detectable radiant power has 
almost reached its lowest level. 

Because of the limited funds available for  this study program, 
and also because of time limitations, the two detectors mentioned 
above could not be evaluated experimentally. 
however, like to mention that Dunn Associates has started to build 
a prototype of a system, which, except for accuracy specification, 
will be exactly the system discussed in this report. 
development program, which is planned to last six months, Dunn 

Associates will buy one or possibly even both detectors discussed 
above and will test them thoroughly. 

program Dunn Associates will supply NASA with the results of the 
detector evaluation. Since the development progsam has the funds 
and also the time necessary to procure and test the detectors in 

At this time we would, 

During this 

At the end of that experimental 

an actual reflectometer system, it is our opinion that the results 
will be of much greater value than those which could have been obtained 
within the limitation of this study contract. 

A final word about the meaning of 0.01 accuracy of reflectance 
measurements. Sometimes the reflectance measurements are used to 
obtain the emittance of materials by using the equation e(.Q) e: \ - v(0izp) 1 

where €.(!e) is the directional emittance and ?(%%%) 
hemispherical reflectance as measured by the ellipsoidal mirror reflecto- 
meter. The first problem we face is that for highly reflective materials 
an error of 0.01 in reflectance translates into a very large error 
in emittance. 
will be between 0.03 and 0.01. This means that for low emitters the 
emittance obtained from reflectance measurements will be very in- 
accurate. A direct measurement of emittance might therefore be a 
more useful approach. 

is the directional, 

- .  

For example, if we have p = 0.98f0.01 the emittance 

A second problem is that for  heat transfer analysis the quantity s 
* I  
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really needed is the hemispherical emittance whereas the quantity 

obtained from the measurement of directional, hemispherical reflect- 

ance is the directional (mostly near normal) emittance. One would 
have to measure the reflectance at all angles of incidence and 
integrate them to obtain bihemispherical reflectance which corresponds 
to hemispherical reflectance. 
SOo or more, but at very large polar angles it becomes increasingly 
difficult or impossible to take reflectance measurements. Therefore 

one has to make a guess at the reflectance at large polar angles, 
which, as pointed out by Millard,26 

This can be done up to polar angles of 

can lead to great errors. 
As a result of this short discussion, an accuracy of 0.01 in 

directional, hemispherical reflectance is not sufficient if the 
desired quantity is the hemispherical emittance, and this is 
especially true if highly reflective surfaces are concerned. 
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